We generated monodonal antibodies (MAbs) against cultured bovine brain microvessel endothelial cells (BMEC) for use as probes to study membrane protein &I C and polarity. One MAb recognized a heterogeneous family of acidic sulfoglycoproteins called gp4A4 with molecular weights of 50-65 KD and 85 RD. Gp4A4 is a long-lived integral membrane protein which r e s i k mostly at the plasma membrane, and a portion appears to be in equilibrium with an intracellular pool via endocytosis. Gp4A4 is expressed by many endothelial cells, except for fenestrated capillaries in choroid plexus, and specific epithelial cells in bile duct, kidney, and choroid plexus. A comparison of indirect immunopecoxidase and immunofluorescence detection using semi-thin cryosections gave contrasting results on the apparent distribution
Introduction
The blood-brain barrier (BBB) is attributed mostly to highresistance tight junctions which adjoin the endothelial cells that line cerebral capillaries. These highly specialized endothelial cells regulate the exchange of nutrients, hormones, drugs, and components of the immune system between the blood and the central nervous system (Johansson, 1990) . Various enzymes, transporters, and receptors are hallmarks of BBB endothelia (Bradbury, 1989) , but little is known about the general composition of the luminal or blood-side and abluminal or CNS-side membrane domains of this polarized barrier. To understand the way that brain microvessel endothelial cells (BMECs) function as a barrier, molecular characterization of the endothelial cell surface will be required. This has begun with the use of BMECs in culture (Takakura et al., 1991a,b) . A classical approach to such studies is to use endothelium-directed antibodies (Dermietzel and Krause, 1991) .
Our interest in the function of BMECs as a barrier has focused on membrane traffic after endocytosis of solutes and ligands ( h u b and Newton, 1991; Guillot et al., 1990; Raub and Audus, 1990) . Another way to study BMEC phenotype and membrane dynamics of gp4A4 on the apical and basolateral membranes of cerebral endothelia and choroid plexus epithelia. Immunogold labeling of ultra-thin cryosections showed that gp4A4 was expressed by the apical and basolateral membrane domains of BMEC and choroid plexus epithelia. This was consistent with the results using indirect immunofluorescence microscopy. On an avemge, gp4A4 eqxession by cerebral endothelia was not asymmetric and was considerably variable between capillaries. These results emphasize the need to compare several &rent techniques in assessing polarized expression of cell surface antigens in vivo. (J Histochem Cytochem C/ostridium perfringens (Type VIII), Triton X-114, protein A-Sepharose CL4B. and leupeptin were from Sigma (St Louis, MO). Fluorescein isothiocyanate (FITC)-affinity pure sheep anti-mouse IgG and affinity pure rabbit anti-mouse IgG were from Accurate (Westbury, NY). Goat anti-mouse IgG and rabbit anti-mow IgG conjugated to horseradish peroxidase (W) were purchased from Boehringer-Mannheim (Indianapolis, IN). Goat antimouse IgG coupled to gold particles was obtained from Janssen (Piscataway, NJ).
[ 1z51]-Na (carrier-free) was from Amersham (Arlington Heights, IL). D-[ 1,6-3H(N) ]-glucosamine (45-60 Cilmmol), Protosol, and Enlightning were from Du Pont NEN (Boston, MA). Naz["S]04 (43 Cilmg) was obtained from ICN Radiochemicals (Irvine, CA). PolylBed embedding resin and LR White resin were from Polysciences (Warrington, PA). Lab-Tek Chamberlslides, cm3 mounting medium, and Tissue-Tek coverslipping resin were from Miles (Elkhart, IN).
Cell Culnue. Brain MECs were isolated from bovine cerebral cortex and grown in primary culture as described previously (Guillot et al., 1990) . For immunizing mice, BMECs were grown on Cytodex-3 microcarrier beads that had been coated with 50 pg/ml bovine fibronectin. Beads were re-suspended at 20 mglml in culture medium with 100,000 cells/cmz and cultured in spinner flasks. That these cultures consisted almost entirely of endothelial cells has been demonstrated by the presence of Factor VIII, y -glutamyltranspeptidase activity, internalization of acetylated low-density lipoprotein, and formation of tight junctions ( h u b et al., 1992; Guillot et al., 1990; Baranczyk-Kuzma et al., 1989) . We also looked by immunofluorescence for the presence of glial fibrillary acidic protein and concluded that immunoreactive glial cells are absent (TJ Raub, unpublished results) .
Passaged MECs from bovine brain and bovine adrenal (a gift to The
Upjohn Company form Dr. D. Gospodarowiu, University of California Medical Center, San Francisco), were grown as described (Gospodarowicz et al., 1986) . Bovine pulmonary artery endothelial cells and MDBK cells were cultured according to the suppliers' instructions. Aortic endothelial cells were obtained from outgrowths of bovine aortic explants and were passaged once by trypsinization.
Generation of Anti-BMEC Monoclonal Antibodies. Mice were injected IP on Days 0, 12, 25, 35, and 62 with 3-5 x lo6 BMECs in primary culture that either were lifted from rat tail collagen/fibronectin-coated dishes using 0.2% (wlv) ethylaminediaminetetraacetic acid (EDTA) and gentle scraping or were grown on microcarrier beads. Hybridomas were obtained by polyethylene glycol-mediated fusion ofthe splenocytes with Sp2 IO-Ag14 cells (Galfre and Milstein, 1981) and those cultures producing anti-BMEC antibodies were cloned by limiting dilution. Ascites, produced in CAFi mice that had been primed with 2,6,10,14-tetramethyIpentadecane, were clarified by centrifugation at 10,000 x g for 30 min.
Surface binding of antibodies was measured by ELISA using BMECs grown to confluence in collagenlfibronectin-coated 96-well plates. Cells were fixed for 25 min in 4% (w/v) paraformaldehyde in calcium-and magnesium-free PBS (CMFPBS) and were stored for up to several days at 4°C in 1% (wlv) BSA in PBS (BSA-PBS) containing 0.02% (w/v) sodium azide. All incubations were at room temperature (RT) in BSA-PBS. After 1 hr with culture supernatants or dilutions of ascites, bound antibody was detected with a 1-hr incubation of HRP-goat anti-mouse IgG at a 1:5000 dilution followed by the enzyme substrate o-phenylenediamine at 200 pglwell in 0.02 M citric acid-0.07 M sodium dibasic phosphate buffer, pH 6.3, containing 0.02% (vlv) Hz02. Color development was stopped by addition of 1 N HCI and the endpoints were read at 490 nm in an EIA Autoreader (Bio-Tek Instruments; Winooski, VT). Antibody isotype was determined with a reagent kit from American Qualex (La Mirada, CA).
Radiolabeling, Immunoprecipitation, Electrophoresis, and Autoradiography. Membrane proteins of intact cells were iodinated by the lactoperoxidase method of Hubbard and Cohn (1975) . Cells were labeled metabolically for 4-24 hr with 50 pCi/ml [3H]-glucosamine or 200 pCilml Na2[%]04 after pre-incubation in serum-free medium that lacked the corresponding unlabeled sugar or amino acid. An equal volume of complete medium with serum was added after 1 hr. Labeled cells were washed with CMF-PBS and lysed in a small volume of lysis buffer (50 mM Tris-HC1 at pH 8.2, 50 mM NaCI, 0.5% (vlv) NP-40,0.02% sodium azide, 0.2 TIUlml aprotinin, 1.5 mM PMSF, 1 mM E m , and 1 &ml leupeptin). The lysates were clarified by centrifugation at 10,000 x g for 5 min. Total and trichloroacetic acid (EA)-insoluble radioactivities were determined for each sample by the method of Hubbard and Cohn (1975) .
Aliquots of radiolabeled cell lysates containing ~5 x lo6 TCAinsoluble dpm were incubated at 4'C for 16 hr with mixing after addition of 200 pl culture supernatants from hybridomas producing anti-BMEC or nonrelevant antibody. The immunocomplexes were precipitated by addition of 75 p1 protein A-Sepharose CL4B suspended at 26 mg/ml and to which was bound rabbit anti-mouse IgG (7.7 pg IgGlmg Sepharose). After 4 hr at 4'C, the beads were washed four times with lysis buffer and electrophoresis sample buffer was added. Samples were either treated with enzymes as described below or subjected to one-or two-dimensional (IDor 2D-) SDS-PAGE.
TO identfy antigens as integral membrane proteins, radiolabeled cell lysates were phase-partitioned into Triton X-114 (Bourdier, 1981) as modified by Alcaraz et al. (1984) or extracted with sodium carbonate according to Fujiki et al. (1982) .
For preliminary characterization of gp4A4, immunoprecipitates were treated with 1.6 U/ml neuraminidase according to Hasegawa et al. (1985) or with N-glycosidase F (N-Glycanase) according to the supplier's instructions. Samples were incubated overnight at 37'C before addition of 10 x reducing sample b&r (Laemmli, 1970) . It was necessary to dilute the samples 1:2 with distilled water to lower the salt concentration before evaluation by electrophoresis.
Solubilized immunoprecipitates were separated by 1D-SDS-PAGE using 10% (wlv) acrylamide gels. Two-dimensional SDS-PAGE consisted of an isoelectric focusing tube gel as the first dimension and a 10-20% (wlv) acrylamide gradient slab gel for the second dimension (Adams, 1987) . After fixing, 3H-and "S-containing gels were soaked in Enlightning before drying and were exposed to XAR-5 film at -70°C for autoradiography. Dried "%containing gels were exposed to film at 25'C backed with an intensifying screen. In some cases, relevant bands on the autoradiographs were excised from the dried gels and the amount of radioactivity determined by y-spectrometry (lz5I) or extracted with Protosol after rehydration and determined by LSC (35S).
Binding and Internalization of ['251]-Monodonal Antibcdy. MAb 4A4
IgGl and a nonrelevant anti-CHO cell MAb, 3Dll IgGl (S.L. Kuentzel, unpublished results) , were purified from ascites by ion-exchange HPLC and iodinated to a specific activity of 1.9 mCilmg protein as described elsewhere (Raub and Kuentzel, 1989) . Binding and internalization of 2.5 nM [12'I]-MAb 4A4 by BMECs was done as described by Raub and Kuentzel (1989) . Nonspecific binding was corrected for by addition of 100-fold excess unlabeled MAb 4A4 IgG1. The cells were chilled to 4'C, washed with cold PBS, and the surface-bound and intracellular 12? were distinguished by two 2-min rinses with 0.05 M glycine-HC1 buffer, pH 2.5.
Immunolocalization of Gp4A4 on Cultured BMECs by Fluorescence
Miaoscopy. Passaged BMECs grown in plastic Lab-Tek chamber slides and fixed with 4% (wlv) paraformaldehyde in CMFPBS were incubated with culture medium containing MAbs. After several rinses with CMFPBS, the cells were incubated for 1 hr at 4°C with 50 pglml FIX-SAM to detect bound MAb. The cells were rinsed, mounted in 75% (vlv) glycerol in CMF-PBS containing 1 mglmlp-phenylenediamine to prevent fading (Johnson and Nogueira-Araujo, 1981) and examined by epifluorescence. Background immunofluorescence was assessed with a nonrelevant IgGl MAb. (left to right). The tube gel was layered over a 10-20% (whr) acrylamide gradient gel and the charged species were separated by molecular weight in the second dimension. For immunogold staining of resin-embedded tissue, fixed tissue was dehydrated to 100% (v/v) ethanol and embedded in Poly/Bed epon resin as described above or dehydrated to 75% (vlv) ethanol and embedded in LR White resin as described by Timms (1986) . Sections (60-90 nm thick) were collected on Formvar-coated nickel grids. All incubations were done at RT (25'C) unless indicated otherwise, and all soluuons were prepared fresh and filtered (0.2-pm pore size) before use. The resin sections were etched for 0, 15, 30, or 60 min in saturated aqueous sodium metaperiodate, rinsed in water, incubated in 0.1 N HCI for 10 min, and rinsed with water. Sections were incubated for 1 hr in PBS containing 5% (v/v) normal goat serum and 1% (wlv) BSA (blocking buffer) and then overnight at 4'C with 10 pglml HPLC-purified MAb 4A4. After rinsing, the sections were incubated with 1:10-1:20 dilutions of IO-nm diameter gold-goat anti-mouse IgG in PBS-BSA for 1 hr. The sections were rinsed, post-stained in 5% (w/v) uranyl acetate in 50% (vlv) methanol, rinsed with water, and air-dried.
Distribution of gold particles on the apical and basolateral membranes of BMECs was quantified from micrographs as described previously ( h u b and Audus, 1990).
For cryoultramicrotomy and immunolocalization of Gp4A4, fmed tissue was rinsed three times for 10 min each in 0.1 M sodium cacodylate, pH 7.4, containing 0.2 M sucrose and infiltrated with sucrose or polyvinylpyrollidone (Tokuyasu, 1989) . Some samples were incubated in 1% (wlv) sodium tetrahydridoborate for 30 min before infiltration to unmask putative epitopes that might have been cross-linked by glutaraldehyde (Christensen and Komorowski, 1989). Semi-thin (600-800 nm) cryosections were cut with a glass knife at -48'C and adhered to poly-Llysine (1 mg/ml in water)-coated glass slides. Ultra-thin (80-100 nm) cryosections were cut with a glass knife at -1OO' C with a Sorvall MT-6000 ultramicrotome with an FS-1000 cryoattachment (RMC; Tucson, AZ) (Tokuyasu, 1984) .
Semi-thin sections were incubated for 20 min with 5 % (wlv) Carnation non-fat dry milk in PBS (PBS-milk) and then with 10 pglml MAb 4A4 in PBS-milk for 30 min. The sections were rinsed in PBS-milk and incubated for 30 min with 50 p g / d FI'K-shecp anti-mouse IgG in PBS-milk.
The sections were rinsed with CMFPBS, covenlipped in 75% (vlv) glycerol-CMFPBS, and viewed by epifluorescence microscopy. For im-munoperoxidase staining, semi-thin sections were incubated with antibody followed by localization by using the Vectastain ABC kit and DAB as described above. The sections were rinsed in water, dehydrated, and coverslipped in Tissue-Tek. Ultra-thin cryosections were immunolabeled with 0.5 Kglml MAb 4A4 followed by 5-nm diameter gold-goat anti-mouse IgG as described above for immunogold labeling of resin-embedded tissue. Negative controls were incubated either without primary antibody or with 1 ~/ m l nonrelevant MAb.
Results
A Novel, Su4ated Integral Plasma terial was blocked. Under these conditions, [35S]-methionine incorporation into acid-insoluble material was inhibited by 95 %.
Gp4A4 is an integral membrane protein, as >94% of 1251-labeled gp4A4 was resistant to extraction with sodium carbonate at pH 11 (Figure 3 ). This was confirmed by partitioning of >go% of the gp4A4 into the Triton X-114 detergent phase (Figure 3 ). In contrast, cellular fibronectin, which was recognized by MAb 7All as determined by ELBA and pure bovine plasma fibronectin and secreted by BMECs into the medium as a [3H]-serine-labeled 240 KD protein, failed to partition into Xiton X-114 (Figure 3) . Furthermore, gp4A4 was not detected in the BMEC medium, indicating that it was not secreted or released (shed) by proteolysis.
Membrane Glycoprotein
The ELISA idenufied several hybridomas secreting MAbs that bound to BMECs in primary culture. Six hybridomas were cloned and the recognized antigens were characterized by a variety of methods. The protein recognized by MAb 4A4 IgGl appeared to be unique and was studied in detail in BMECs in primary culture.
MAb 4A4 immunoprecipitated a complex of proteins at 50-65
Indirect immunofluorescence microscopy showed that MAb 4A4 reacted specifically with cultured BMECs and that gp4A4 was distributed uniformly on both confluent and nonconfluent cells ( Figure  4a ). This distribution was confirmed by pre-embedding indirect immunoperoxidase electron microscopy. Gp4A4 was distributed over the apical cell surface of cultured BMECs, including within caveolae (Figure 4d ).
--KD and at m85 KD that were iodinatable h intact BMECs and incorporated [ 3H]-glucosamine, indicating that these proteins were cell surface glycoproteins which we refer to collectively as gp4A4 (Figures 1-3 ). There was no change in electrophoretic mobility of gp4A4 under non-reducing conditions (results not shown). Incubation of 12SI-labeled gp4A4 with neuraminidase followed by ID-SDS-PAGE resulted in increased electrophoretic mobility, suggesting that both the lower and higher molecular weight gp4A4 contained sialic acid residues (not shown). Similar digestion with peptide:Nglycosidase F showed that 22% of gp4A4 by weight represents N-linked oligosaccharides (results not shown). 0-Linked glycosylation was not examined. Analysis of gp4A4 by 2D-SDS-PAGE showed that both the lower and higher molecular weight species were very acidic and actually appeared to contain two major proteins, each composed of many isoelectric variants (Figure 2 ). This heterogeneity in charge implied that gp4A4 was modified with many negatiwly charged p u p s . Using radiolabel incorporation ofNa2[35S]04 and inorganic 32P followed by immunoprecipitation, gp4A4 was found to be sulfated ( Figure 3 ) and phosphorylated (not shown).
To determine ifgp4A4 was a proteoglycan, the effects of monensin on sulfation were examined (Sampaio et al., 1992) . BMECs were pre-treated for 2 hr with monensin and then incubated for another 4 hr with monensin and Na2[3'S]04 and gp4A4 recovered by immunoprecipitation. The proteins were excised and extracted from the gel and the amount of radioactivity measured. Sulfation of gp4A4 was inhibited 70% by M monensin, which blocks sulfation of all sulfated glycoproteins and <15% by M monensin, which only inhibits sulfation of proteoglycans (Sampaio et al., 1992) .
It appeared that gp4A4 was not synthesized in appreciable amounts because radiolabeled gp4A4 was not recovered from BMECs that had been incubated for 24 h with [ 35S]-methionine, [35S]-serine, or [ ''C]-leucine. Evidence for de novo synthesis was provided by a 76% inhibition of incorporation of Na2[35S]04 into gp4A4 by 50 pglml cycloheximide (a). This was presumably due to the higher specific activity of labeling by sulfation vs amino acids.
After a 90-min preincubation and another 2 hr in the presence of CX, 79% of total sulfate incorporation into acid-insoluble ma-
Gp4A4 Is a Long-lived Cell Surhce Protein That Is Internalized
The rate of gp4A4 turnover was determined by iodinating confluent monolayers of BMECs at Day 8 in primary culture and returning them to culture medium. At selected times, gp4A4 was recovered by immunoprecipitation and the amount of radioactivity in the lower and higher molecular weight proteins was measured. Of the total radioactivity in the cell lysates, 88 * 3% was acid-insoluble. Figure 5 shows that the amounts of gp4A4 remained unchanged over 42 hr relative to amounts of gp4A4 recovered immediately after iodination (Student's t-test, pX.05). In contrast, another cell surface 90 KD protein recognized by MAb 8F10 (Figure 1 , Lane C) was degraded at a rate of 2%/hr.
Endocytosis of gp4A4 appeared to occur, since surface-bound 1251-labeled MAb 4A4 became increasingly acid-resistant with time ( Figure 6 ). BMEC monolayers in primary culture were incubated with 1251-labeled MAb 4A4 at 37°C with and without excess unlabeled MAb 4A4. The cells were chilled to 4°C and then acidrinsed to remove surface-bound MAb and to distinguish it from the fraction of MAb that had become inaccessible, presumably by endocytosis, for release at low pH. Approximately 70% of the [ lZ51]-MAb 4A4 remained at the cell surface after 4 hr and <2% of the radioactivity appearing in the medium was acid-soluble, indicating that degradation had not occurred. The fraction of [ lZ5I]-MAb 4A4 that was internalized was almost completely inhibited by the presence of excess unlabeled MAb 4A4 (Figure 6 ). Binding of 12SI-labeled nonrelevant MAb IgGl was negligible at up to 5 ng/mg protein, and the presence of excess unlabeled nonrelevant MAb had no effect on MAb 4A4 binding and accumulation (not shown).
To determine how gp4A4 was distributed at steady state, [ 1251]-MAb 4A4 binding was measured in the presence of 0.005% saponin, which perforates cell membranes and allows access of MAb to surface and intracellular gp4A4 (Raub and Newton, 1991) . By comparing binding with and without saponin, we estimated that 24 9% of the gp4A4 expressed by BMECs is intracellular or inaccessible to MAb. 
Gp4A4 Is Expressed by Most Bovine Endothelia and Certain Epithelia
Immunohistochemistry of bovine brain, heart, skeletal muscle, spleen, liver, kidney, adipose tissue, lung, and adrenal showed that gp4A4 was expressed only by endothelial cells, with few exceptions (Figure 7) . in capillaries and all larger vessels, including the aorta (not shown). This was consistent with demonstration by ELISA of specific MAb binding to passaged adrenal, aortic, and pulmonary endothelial cells in culture (not shown). Immunostaining of paraffin sections with a nonrelevant MAb IgGi was negative (Figure 7b ). In brain, gp4A4 expression was restricted to blood vessels ( Figure  7c ). In addition, MAb 4A4 did not stain vessels in murine or monkey cerebrum (results not shown), indicating that this MAb was species-specific and that gp4A4 or just the MAb 4A4-recognized epitope is unique to bos.
There were several exceptions to the exclusive expression ofgp4A4 by endothelial cells. Epithelial cells in bile duct, kidney tubules, and choroid plexus were stained with MAb 4A4 (Figures 7d-7f) . Although an exhaustive survey was not done, no other epithelia in the tissues examined were stained. Expression of gp4A4 by kidney epithelia in vivo was consistent with ELISA-positive binding of MAb to cultured MDBK cells (not shown). Noteworthy of the expression of gp4A4 within choroid plexus was its absence in the nearby fenestrated endothelium (Figures 7f and 8b ).
Polarized Distribution of Gp4A4 on Brain Capillary Endothelia and Choroid Plexus Epithelia
Immunohistochemical localization of gp4A4 could not resolve subcellular distribution, such as the apical or basolateral membrane domains, so light microscopy combined with high-resolution cryotomy and immunoelectron microscopic methods was employed. However, we found that the distribution of this protein antigen varied, depending on the method of detection used. The results are summarized in Table 1 . Fixation was the same for all of these samples. We found with ELISA that fixation with up to 5% (vlv) glutaraldehyde had no effect on immunoreactivity (results not shown). Indirect immunofluorescent staining of MAb binding to semi-thin cryosections of cerebral capillaries revealed a double image suggestive of the apical and basolateral membranes (Figure 8a ). This interpretation was supported by the 0.5-1.5-pm distance between these two fluorescent lines, which is the approximate thickness of an endothelial cell (see Figure 9) . Therefore, gp4A4 appeared to be distributed symmetrically on brain capillary endothelial cells in vivo. In contrast, semi-thin cryosections stained with MAb 4A4 followed by the avidin-biotin-peroxidase complex (ABC) showed that gp4A4 was located mostly on the apical membrane (Figure 8a , inset). Similar differences were found with gp4A4 distribution on choroid plexus epithelia. By immunofluorescence, gp4A4 appeared to be expressed mostly on the basolateral membrane of choroid plexus epithelial cells (Figure 8b ). Some apical gp4A4 was observed. Again, the presence of gp4A4 on endothelial cells in capillaries of the choroid plexus was negligible (Figure 8b ). Localization by ABC showed that gp4A4 was located exclusively on the apical membrane (Figure 8b, inset) , which was opposite to the immunofluorescence results. The discrepancy in these results with the two different detection methods was examined further by three different tissue processing techniques for indirect immunoelectron microscopy. Samples were fixed and embedded in epon resin, in LR White resin, or prepared for ultracryotomy, and MAb binding was detected with antibody-gold. Labeling of metaperiodate-etched epon sections was not observed (not shown). Labeling of LR White sections was sparse yet specific (Figure 9a) , and actually decreased after etching with HCI. Gold particles were not observed on sections that had been incubated with a nonrelevant MAb IgGi (not shown). Gp4A4 was distributed equally to both the apical and basolateral membranes of capillary endothelial cells. The number of gold particles associated with the apical membrane (0.69 * 0.45 particleslpm membrane) and the basolateral membrane (0.70 f 0.51 particleslpm membrane) was examined in a total of 400-500 pm of membrane in cross-sections of 33 capillaries and was not significantly different (Student's t-test; pX.05). It was difficult to accurately measure the length of the apical membrane owing to frequent projections into the capillary lumen ( Figure 9a) ; therefore, the apical gold particle density most likely was overestimated, suggesting that gp4A4 might be more prominent on the basolateral membrane. In choroid plexus epithelia, the majority of the gp4A4 appeared to be located on the lateral membranes (not shown). Because these membranes were highly interdigitated, quantitation of particle density was not done. Virtually no intracellular staining was observed, and occasionally gold particles were found overlying basement membranes of capillary endothelia and choroid plexus epithelia.
Labeling of ultra-thin cryosections was markedly improved relative to LR White-embedded material, especially for gp4A4 distribution on capillary endothelial cells (Figures 9b and 9c) . Examination of 90-130 pm of membrane in cross-sections of 12 capillaries revealed that there were 3.7 2 2.7 gold particled p of apical membrane and 3.0 2 2.0 gold particleslpn of basolateral membrane. Fixation with 4% paraformaldehyde and 1% glutaraldehyde provided good tissue preservation and immunoreactivity. Pretreatment of tissue with sodium tetrahydridoborate appeared to improve labeling, although this was not quantified. We found that membrane domain distribution of gp4A4 actually varied among capillaries, with preferential labeling of either apical, basolateral, or both membranes [compare Figures 9b and 9c) . Approximately 58% of the capillaries had apical-to-basolateral label density ratios of 1-2 and 17% of the capillaries had basolateral-to-apical ratios of >1. In choroid plexus epithelia, gp4A4 was located on both the lateral membranes and the apical membrane, but relative label densities were not determined because of the difficulties associated with d a c e area and the interdigitated lateral membranes of neighboring cells (Figure 10 ).
Discussion
A sulfated glycoprotein called gp4A4 is described, which is expressed predominantly at the cell surface of most endothelia, including the BBB, and a few transporting epithelia. An MAb against gp4A4 was obtained by using primary cultures of bovine cerebral capillary endothelial cells and was used to identlfy the antigen and to examine gp4A4 distribution in vitro and in vivo by immunofluorescence and immunoperoxidase light microscopy. Depending on the detection method employed, distribution of gp4A4 on either the luminal or abluminal membrane domain of polarized BMECs or choroid plexus epithelia was contradictory. Next, immunogold electron microscopy was used with several sample preparation methods to clarlfy these results. The gold labeling density was negligible in epon sections of brain tissue, sparse and variable in LR White sections, and significantly improved with ultra-thin cryosections. The latter method showed that gp4A4 was distributed to the apical and basolateral membrane domains of BMECs, and mostly on the lateral membranes of choroid plexus epithelia. Therefore, indirect immunofluorescence microscopy gave a more accurate assessment of the distribution of gp4A4 as determined by immunogold labeling than did immunoperoxidase with ABC. These results emphasize the need to compare several different techniques when determining if cell surface antigens are asymmetrically distributed in vivo.
Gp4A4 was shown to be a sulfated and N-glycosylated integral membrane protein, and not an adsorbed serum protein, since it (a) incorporated sulfate and glucosamine, (b) was sensitive to neuraminidase and N-glycanase, and (c) resisted carbonate extraction and partitioned into Eiton X-114. Sensitivity of sulfation of gp4A4 in M monensin suggested that gp4A4 is a sulfated glycoprotein and not a proteoglycan (Sampaio et al., 1992) . In addition, gp4A4 did not bind to an anion exchange resin in low salt concentrations (0.2 M NaCI), further suggesting that it is not a proteoglycan or a glycosaminoglycan (S.R. Ledbetter and S.L. Kuentzel, unpublished results). Sulfated glycoproteins, once M but not thought to be unusual, are expressed by a variety of different cells ( Roux et al., 1988) . The high density of negative charges associated with the endothelial cell surface, which is attributed to the presence of a large number of sulfated and/or sialylated glycoproteins has been proposed to serve a role in permeability (Schnitzer et al., 1990) .
The relationship between the 50-65 KD species and the 85 KD species that comprise gp4A4 is unclear at this time, but it does not appear to represent monomer and dimer. There is no change in electrophoretic migration under non-reducing conditions, showing that disulfide bridges are not present. Because the PI of the 85 KD species is more acidic, it is possible that it is similar to the 50-65 KD species but that it is more modified with additional oligosaccharides or negatively charged groups such as phosphate and sulfate, resulting in an altered mobility in SDS. It is equally possible that these molecular weight species are unrelated proteins that share a common epitope.
Gp4A4 is turned over very slowly, as shown by the stability of surface-expressed gp4A4 that had been labeled with [ '*'I]-Na. This was consistent with the apparently slow rate of synthesis indicated by poor incorporation of radiolabeled amino acids. These results suggested that gp4A4 either was excluded from endocytosis or was recycled via a non-degradative pathway after endocytosis. The gradual increase in resistance of surface-bound [ lZ51]-MAb 4A4 to acid wash implied that gp4A4 was internalized but that only about 30% of the cell surface pool equilibrated with the intracellular pool. Absence of [ '251]-MAb degradation suggested that the gp4A4-MAb complex avoids a degradative compartment. The small size of the intracellular pool was also confirmed by an increase in binding of MAb to gp4A4 after permeabilization of membranes with saponin. Because [ 'Z51]-MAb binding was not saturable, the effect of saponin on MAb 4A4-antigen interactions could not be determined; however, the intracellular fraction of gp4A4 measured with this method was -25% and therefore equivalent to the fraction of [12'I]-MAb 4A4 that had been endocytosed.
Gp4A4 is not BBB-specific but is expressed by all other endothelia examined, except for the fenestrated endothelium of choroid plexus. Since other fenestrated endothelia, such as in the circumventricular organs, were not examined, it is not known if gp4A4 expression involves only continuous endothelium. In addition to endothelium, gp4A4 also is expressed by transporting epithelia in bile duct, kidney tubules, and choroid plexus. Surprisingly, shared expression of an antigen by BBB, choroid plexus epithelia, and kidney epithelia appears to be relatively common (Eble 2). What makes gp4A4 unique, along with GLUT1 (Farrell and Pardridge, 1991; Hacker et al., 1991) , is its expression on both the apical and basolateral membrane domains. It is unusual to fmd a protein whose expression by such cellular barriers is not completely polarized. Moreover, the intracapillary variability of polarized gp4A4 expression is without explanation, assuming that fixation and immunolabeling are uniformly consistent. Until a function can be assigned to gp4A4, the reason for its unusual distribution will remain an enigma.
In all of the cases listed in Xble 2 where it was examined, antigens present at the BBB were not expressed by fenestrated endothelia in the choroid plexus. This has been interpreted as an absence of factors that contribute to induction of the BBB phenotype; however, expression of gp4A4 by most other non-fenestrated endothe- lia suggests that this absence of expression could also be indicative of a difference in fenestrated endothelia, possibly related to their lineage. Again, a more thorough survey of gp4A4 expression by other fenestrated endothelia is wartanted, since the phenotypic heterogeneity of endothelial cells within tissues and capillary beds is recognized (Fajardo, 1989) . Gp4A4 is present on most endothelia in vivo and on endothelial cells in culture, showing that its expression is not a result of culture conditions and that it is not lost on passage. We have some evidence that expression of gp4A4 can be induced in primary cultures of BMECs if they are co-cultured with glial cells . This suggests that gp4A4 expression is regulated by environmental factors. Under the same conditions, BMEC monolayers formed a less leaky barrier in response to a soluble factor produced by glial cells (Raub et al., 1992) . Although a similar dependence on astrocytes has been shown for expression of BBB-specific neurothelin (Lobrinus et al., 1992) and glucose transporter 1 (GLUT1) ( U u r a et al., 1991a,b) , not all BBB-associated antigens are responsive. For example, expression of the antigen recognized by MAb 8F10 was not influenced by glial cell co-culture .
Immunocytochemical methods are relied on to determine if cell surface antigens are distributed asymmetrically with respect to their membrane distribution on polarized cell types. In this study, gp4A4 distribution was dependent on the immunodetection method used, thereby giving conflicting results. Immunofluorescence of semithin cryosections correlated well with immunogold labeling of LR White sections with apparently equal distribution on the apical and basolateral membranes of BMECs; however, neither method showed how &able gp4A4 expression is between capillaries. Clearly, the use of ultra-thin cryosections improved the efficiency of labeling by four-to five-fold. Similarly, Griffiths and Hoppeler (1986) showed that immunogold labeling was two-to tenfold more efficient in cryosections than in sections of Lowicryl-embedded material. The absence of immunogold labeling of gp4A4 in epon resin sections may reflect antigen masking, damage, or conformational changes, and this is especially a disadvantage for MAb, where a single epitope is involved, and for membrane surface antigens (Mason and Biberfeld, 1980) . The degrees of staining intensity may also be related to dehydration (Kuhlmann and Krischan, 1981) . The epon-embedded tissue was dehydrated through 100% ethanol compared to only 70% ethanol for LR White embedding. The best immunogold label density was found in the cryosections where solvent dehydration was omitted.
Most disturbing was the apparent difference in gp4A4 distribution, depending on whether immunofluorescent or ABC methods were used. Since the samples were prepared the same way by immersion, fixation can be ruled out as a factor. One explanation is that the ABC reagent had restricted access to gp4A4 on the basolateral surface of BMEC and choroid plexus epithelia. The apical surfaces are presumably more accessible because they border a lumen, whereas the basolateral surfaces are tightly apposed. The size alone of ABC, which may be composed of more than three peroxidase molecules (Hsu et al., 1981) , may not be the only factor, since we observed adequate labeling with 5-nm gold. Access may also be dependent on steric hindrances imposed by the detection system and the position of the epitope. The distance bridged by the biotin might be considerably more constrained than the IgG molecules adsorbed to the gold particle. This explanation is more consistent with the fact that longer incubation times, where penetration should be improved, failed to give better labeling. Involvement of the epitope also has credibility, since others have successfully used ABC to localize basolateral antigens (Farrell et al., 1992; Hacker et al., 1991) . Our results provide an example in which a single method of detection cannot be relied on for accurate antigen localization.
